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Stainless-steel honeycomb monoliths (square cell-shape/230 cpsi cylinders) were 3D-printed and used as support
of a Ni/CeO,-ZrO, powder deposited by washcoating. The resulting catalysts were characterized by XRF, SEM-
EDX and H,-TPR, and tested in the dry reforming of methane reaction. In the 750-900 °C range, they showed
competitive conversions (45-95%) and H,/CO ratio (0.84-0.94) compared to cordierite honeycombs with same
catalyst loading and geometric characteristics, but did not require activation time thanks to better heat transfer.
Both structured catalysts were stable in prolonged TOS experiments. The bare metallic monoliths exhibited

significant activity at 900 °C due to their intrinsic nickel content.

1. Introduction

Metallic honeycomb monoliths are used in heterogeneous catalysis
due to their intrinsic advantage regarding heat transfer facilitation
among other properties with respect to their ceramic counterparts
[1,2]. On the contrary, they exhibit the drawback of a poorer adherence
to washcoated catalysts [3]. Conventionally prepared by the corruga-
tion method [2,4], such limitation is overcome by subsequent chemical-
thermal treatments that provide surface roughness on the metal sheets
to which the deposited phase may anchor [2,5-7].

Lately, the development of 3D-printing techniques has opened up a
fascinating window to the manufacture of a quasi-unlimited variety of
structured materials with projection in many fields of science, including
catalysis [8]. The potential of these procedures is highly attributed to
the possibility of controlling both geometry and rugosity of the final
device due to the inherent building principles. The former might be
crucial in the case of a structured reactor to optimize the heat and mass
transfer within its channels, while the latter could ideally avoid the
time and energy consuming steps. Additionally, we cannot discard the
chance of selecting appropriate raw materials which might include the
metal desired as active phase in the final catalyst, thus excluding the
need of further incorporation. The still scarce literature related to the
catalytic applications of 3D-printed structured reactors is mainly
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focused on plastic and ceramic substrates [9-11], being those based on
a metallic matrix but reduced to a few examples dealing with foam-like
products rather than honeycomb monoliths [12,13].

Recently, we showed that it is possible to obtain honeycomb
monolithic catalysts with outstanding activity and stability in the dry
reforming of methane (DRM) by washcoating commercial cordierites
with Ni-based catalysts, even employing ultrathin washcoat of very low
loading [14]. Therefore, it would be interesting to investigate a similar
approach with metallic honeycombs as support. Certainly, numerous
studies were already reported in which metallic monoliths were used in
related catalytic processes [15-17], especially in methane steam re-
forming [18-21], but none of them specifically focused on DRM.
Moreover, the work presented here proposes for the first time to the
best of our knowledge the 3D-printing of metallic monoliths which
replicates real honeycomb design (i.e. structures with multiple straight
parallel channels in the flow direction) and their application to a het-
erogeneous catalytic process. In this preliminary stage of research, we
have intentionally limited the manufacture to honeycomb monoliths
with the same geometry and cell density of the previously tested cor-
dierite counterparts [14] for ease of comparison. Indeed, DRM was
selected not so much as a goal but as a tool to evaluate and compare
with previous references the potential of the fabricated devices and the
worthiness of their further optimization and/or extrapolation to other
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Table 1
Geometric characteristics of the 3D-printed metallic honeycomb
monoliths.
Cell shape Square
Cell density (cpsi; cells/cm?) 230; 35.7
Cell spacing (mm) 1.7
Wall thickness (mm) 0.27
Dh (mm) 1.2
GSA (cm?/cm®) 20.2
OFA (%) 61
Height (cm) 2.5
External diameter (cm) 2.0
Weight (g) 10.64

processes of exothermic character.
2. Experimental
2.1. Catalyst preparation

The raw material for the 3D manufacturing of the metallic honey-
comb monoliths was a commercial stainless-steel (AISI 15-5PH) powder
(particle size below 63 um) provided by EOS with the following min-
ority elements content (max. wt%): Cr, 14-15.5; Ni, 3.5-5.5; Cu,
2.5-4.5; Mn, 1; Si, 1; C, 0.07; Mo, 0.5; Nb, 0.45. The 3D printing was
performed through Direct Metal Laser Sintering (DMLS) [22] using a
DMLS EOS M290 machine. It had a 400 W Yb laser fibre controlled by
F-theta lens and producing a beam diameter of 100 pm. A nitrogen
generator inside the system was used to avoid the oxidation of the parts.
The honeycomb monoliths were built along the vertical direction with a
layer thickness of 40 um, using a building platform pre-heated at 100 °C
in nitrogen atmosphere (Fig. 1).

A powdered ceria-zirconia supported nickel catalyst (4.5 wt% of Ni
content and Ce/Zr mixed oxide with 18/82 molar ratio) prepared as
previously reported [14], was selected as the catalytic phase to be de-
posited onto the 3D-printed honeycombs. Such deposition was per-
formed by a washcoating procedure from a slurry (stabilized at pH 4.0
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Fig. 1. Schematic representation of the followed 3D printing
procedure by Selective Laser Sintering and image of a final
3D-printed metallic honeycomb monolith. 1) Initialization of
the printing procedure with the preparation of the metallic
powder and the computer aided design (CAD) for the object
to be printed; 2) Dispersion of thin layer of powder over the
platform; 3) Selective melting by the laser; and after several
cycles for steps 2 & 3; 4) Final 3D-printed object. Further
calcination in N, at 525 °C for 4 h was applied to eliminate
strains caused by 3D printing.

using acetic acid) containing the nickel-based catalyst, following the
methodology well described previously [23]. Briefly, the prepared
slurries contained the catalyst powder (19.1 wt%), polyvinyl alcohol
(1.7 wt%), Nyacol AL20 colloidal alumina (4.2 wt%) and water. The
3D-printed metallic monolith pieces (Table 1) were immersed
(3 cm min ™) in this slurry, kept fully immersed for 90 s, with the first
15 s under ultra-sonication. They were then pulled out at the same rate,
and the excess of slurry was removed by air flowing. The pieces were
then dried at 120 °C for 30 min, and finally calcined (5 °C min~ 1) at
450 °C (1 h). The reached active phase loading was estimated from the
weight gain after calcination. The coating adherence was evaluated
from the weight loss after immersion of the monoliths in petroleum
ether under ultrasounds (30 min).

2.2. Catalysts characterization

The prepared catalysts were characterized by X-ray micro-fluores-
cence (XRF) in a Bruker S4 Pioneer spectrophotometer. They were also
studied by scanning electron microscopy (SEM), obtaining (unless in-
dicated) both images and Energy-dispersive X-ray (EDX) compositional
analysis spectra in a FEG Nova NanoSEM 450 microscope operating at
30 kV. Additionally, H, Temperature-Programmed Reduction (H,-TPR)
profiles were recorded in an Autochem II 2920 equipped with thermal
conductivity detector (TCD).

2.3. Catalytic tests

The catalytic performance of the various monoliths (bare and
washcoated) in the DRM reaction was evaluated in quartz reactors at
atmospheric pressure and in the 750-900 °C range, using a 1:1 gas
mixture of CH, and CO,, as feedstock and a WHSV of 115 L g_1 h™'.In
all cases, a pre-treatment of the monolith with 60 mL min ~! H,(5%)/Ar
at 600 °C (2 h) was applied. The gas analysis at the inlet and outlet of
the reactor was performed by gas chromatography (Bruker 450-GC).
Reactants (CH4 and CO,) conversion values were estimated from the
inlet and outlet molar fractions of the individual gases according to the
following Egs. (1)-(2):
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Fig. 2. SEM image corresponding to a piece of the bare metallic monolith ac-
quired in a FEG-SEM microscope (FEI Quanta 200 + EDAX), and EDX com-
positional mapping of a piece of the washcoated monolith with its corre-
sponding EDX spectrum.
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The molar fractions at the outlet of the reactor were corrected to
account for the volumetric change due to the DRM reaction.

A complementary study was done through Temperature-
Programmed (TP) Reaction experiments, heating (5 °C min~ 1Y) the
samples under a flow of CH4(20%)/CO»(20%)/He and using mass
spectrometer (Pfeiffer QSM-200) as gas analyzer.

3. Results and discussion
3.1. Characterization of the monolithic catalysts

The average specific loading of the washcoated metallic monoliths
resulted to be 0.39 mg/cm?. This value is very similar to that previously
found for the same preparation employing cordierite monoliths as
support [14]. This is a first signal that the 3D-printing procedure led to
a metal substrate having adequate surface roughness. In fact, the ad-
herence of the washcoat was 68%, a value that although apparently
low, it is much higher than that of corrugated monoliths without any
further surface treatment, in which it is almost zero [24]. It is also in the
order of the adherence of alumina washcoats deposited on metallic
supports pre-oxidized between 800 and 1050 °C for even 10 h [25,26],
and also similar or slightly lower than that reported for some zinc [5]
and manganese [6] oxides-washcoated FeCralloy monoliths in which
the substrate was previously obtained by corrugation followed by
heating in air at 900 °C for 22 h.

The use of SEM confirmed the 3D-printed monolith roughness
(Fig. 2 and Fig. S1 in Supplementary Electronic Information, ESI).
Moreover, coupled EDX compositional analysis at the micron scale al-
lowed detecting the phase deposited over the metallic monolith walls;
the mapping performed in a wall region of the washcoated monolith in
which the presence of Ni, Ce and Zr is clearly observed. The quantita-
tive analysis by means of the corresponding EDX spectrum indicated a
higher Ni content than that expected for the catalyst formulation, which
is attributed to the contribution of Ni originally present in the stainless-
steel used to print the honeycomb. This result is consistent with the X-
ray micro-fluorescence analysis carried out over a similar reduced area
of the surface (Fig. 3), which also evidenced a partial coating of the
monolith walls by the active phase. Moreover, both techniques (XRF
and SEM-EDX) suggest an appropriate Ni-Ce-Zr interaction in the zones
where the deposits of catalyst are found, since the signals of the three
elements are present at the same or nearby locations. This scenario also
resembles that previously observed after washcoating cordierites with
the same nickel powdered catalyst [14].

Fig. 4 shows the result of the H,-TPR experiment over the wash-
coated monolithic catalyst. The curve derived from the bare monolith is
included as a reference. In general, the detailed interpretation of Ho-
TPR profiles of nickel supported on ceria-zirconia binary oxides is dif-
ficult [27] because the temperature for the supported NiO reduction
may change as function of different distribution of particle sizes and/or
degrees of interaction with the support [28,29]. Moreover, reduction of
the support and nickel species can occur simultaneously, promoted by
the spillover of hydrogen species [30,31], thus significantly lowering
the temperature at which the ceria-zirconia mixed oxide is reduced.
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Fig. 3. Micro-XRF analysis representative of the walls surface of the washcoated metallic monolith.

Nevertheless, considering our previous experience with the same cat-
alyst supported onto cordierite monoliths [14], we can reasonably as-
sign the reduction peak that dominates the signal, centered around
370 °C, to the reduction of nickel species. It should be noted that in the
H,-TPR curve of the bare monolith, almost negligible reduction is
comparatively observed, as expected for a stainless steel.

The results presented and discussed above allowed to select 600 °C
as the catalyst activation temperature, as far as this temperature
guaranties that the entire nickel and most of the cerium contained in
the washcoated monolith are in a reduced form, a prerequisite well-
stablished for obtaining better catalytic results in the DRM reaction
[32].

3.2. Catalytic performance evaluation

Aiming to establish the operating conditions in the DRM reaction for
the present catalyst, semi-quantitative TP reaction profiles of the

evolution of CO,, CH,4, CO, H, and H,O by means of mass spectrometry
were recorded (Fig. S2, ESI). Remarkable, the reaction abruptly acti-
vated ~600 °C, temperature at which CH4 and CO, consumption along
with CO and H, production were detected. As it is well-known, the DRM
process may occur simultaneously with several secondary reactions
[33]. In fact, H,O formation was detected throughout the whole tem-
perature range, where catalytic activity was observed, indicating that
the Reverse Water Gas Shift (RWGS) reaction occurs in parallel with
DRM. Furthermore, CO, conversion values were always higher than
those of CHy, and the H,/CO ratios in the outlet gas were lower than 1.

Fig. 5 summarizes the main results obtained in the DRM reaction at
three different temperatures (750, 800 and 900 °C). They first illustrate
the competitiveness of the washcoated metallic monolith compared to
the same washcoated Ni-based catalyst on cordierite previously re-
ported [14]. Although the latter showed better conversions and H,/CO
ratio at 750 °C, the differences between the two structured catalysts
decreased at 800 °C, and observing a reversal of the relative
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Fig. 4. H,-TPR profiles of the bare and washcoated metallic monoliths under H,(5%)Ar gas mixture and a heating rate of 10 °C min™ .

performance at 900 °C.

Wang et al. [34] reported a maximum in the carbon production
caused by CH,4 decomposition and/or the Boudouard reaction in the
557-700 °C range. From thermodynamic considerations, temperatures
at around 900 °C were suggested as optima when a CO,/CH4 = 1:1 feed
ratio is employed, since they allow a balance between the conversion
achieved and the carbon accumulation [35]. Due to these precedents
and the above commented results, we paid special attention to the
catalytic behavior at 900 °C. Fig. 6 shows the reaction profiles versus
time in the catalytic tests run at 900 °C with both washcoated and bare
metallic monoliths. For comparison, the activity curves obtained in
equivalent experiments using cordierite monoliths [14] are also in-
cluded.

As can be seen, under the same experimental conditions, the
washcoated metallic monolith exhibited an advantageous performance
with respect to the corresponding washcoated cordierite. First, the
conversion at the stationary state was higher, 95% and 75% for CO, and
CH, respectively, and kept stable after 24 h of continuous operation.
Second, in the case of the cordierite-supported Ni catalyst, a certain
activation time was necessary at the beginning of the experiment, not

1

observed for the metallic counterpart. This might be an indication of
the positive influence of the honeycomb metallic nature on the heat
transfer process. This effect and the stability behavior were also found
operating at 750 and 800 °C (Figs. S3 and S4, respectively in ESI).

It is also interesting the comparison between the respective bare
monoliths. While the bare cordierite as expected was almost completely
inactive, the 3D-printed bare metallic monolith presented an activity at
900 °C far from negligible, with conversion values of 40% and 20% for
CO, and CHy, respectively (Fig. 6). This should be attributed to its in-
herent nickel content, which was evidenced by the characterization
study. It also points to another advantage of the 3D printing metal
honeycomb manufacture, the chance of selecting appropriate raw ma-
terials that may include already the active phase in the process to be
applied, so avoiding or decreasing the need of external materials ad-
dition.

4. Conclusions

Honeycomb monolithic catalysts of nickel supported on CeO,-ZrO,
were prepared by the washcoating method, using metallic honeycomb
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monoliths as supports, the latter obtained by 3D printing from a com-
mercial stainless-steel powder via direct laser sintering. The honey-
combs had the same inner geometry (230 cpsi square cell section) and
relatively well-adhered catalyst specific loading as those previously
studied cordierite honeycombs washcoated by the same catalyst. They
were tested also in the same reaction, dry reforming of methane (DRM),
to facilitate the comparison and evaluate their potential. To the best of
our knowledge, this was the first time that 3D-printing manufacture
was employed to fabricate metal honeycombs with controlled geometry
and applied to DRM, both aspects representing the major novelty of this
research.

The 3D-printed monoliths did not only show an interesting perfor-
mance as support of the nickel catalyst but also intrinsic activity by
itself with reactants conversion values approaching 50% at 900 °C. This
behavior was related to its initial nickel content as suggested by the
characterization performed through XRF and SEM-EDX. Concerning the
influence on the deposited nickel catalyst, the metal honeycomb al-
lowed reaching almost full CO, conversion at 900 °C, not showing
significant deactivation for long time of reaction, neither at this tem-
perature nor at 800 or even at 750 °C. Moreover, it demonstrated an
extra positive effect by eliminating the activation time in the DRM
process previously observed over cordierite, which is a positive signal
of heat transfer assistance.

The results obtained suggest that the approach proposed here might
have great potential not only in the DRM but also in other catalytic
processes by optimizing variables of the 3D printing methodology such
as the raw material and geometry.
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